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This is the energy density of the chemical bond (linear). Literally. But first, we clarify that 
the term “bond order” is used in the theory of molecular orbitals, where there is a certain algorithm 
for determining the bond order, see the link [1]. In chemistry, the term “bond multiplicity” has long 
been used, which has a similar meaning. It is easiest to demonstrate what the chemical bond 


multiplicity (or order) is by the example of ethane, ethylene and acetylene. Let's look at the picture. 


H,C—CH, H,C=CH, HC— CH 


Le-c = 1.543 A Le=c =1.338A Lo=c = 1.205 A 


In ethane, the multiplicity of the C — C bond is 1, 
in ethylene, the bond multiplicity C = C is 2, 
in acetylene, the bond multiplicity C=C is 3. 


That is, it can be argued that the multiplicity of a chemical bond (or bond order) is the number of 


electrons (which form a chemical bond), divided by 2. 


Thus, a chemical bond formed by two electrons (2) will have a bond multiplicity equal to 
unity (1). Such a bond exists, for example, in an ethane molecule (C — C bond), or in a hydrogen 


molecule (H — H bond), or in a water molecule (O — H bond), or in an alcohol molecule (C — O). 


A chemical bond formed by four electrons (4) will have a bond multiplicity of two (2). Such 
a bond is present in an ethylene molecule (C = C bond), or in formaldehyde and acetone molecules 


(C =O bond). 


A chemical bond formed by six electrons (6) will have a bond multiplicity of three (3). Such 
a bond is present in the acetylene molecule (C=C bond), or in the hydrocyanic acid molecule 


(CEN bond). 


The multiplicity of chemical bonds (or bond order) can be fractional. For example, in 
benzene the multiplicity of the C — C bond is 1.66, and in graphite the multiplicity of the C — C 
bond is 1.54, etc. Simplistically, it can be said that a chemical bond denoted by one stroke (one 
line), that is, ““ — ”, actually means a chemical bond with a multiplicity equal to unity (that is, 


formed by 2 electrons). Therefore, looking at the structural formula, approximately you can 


immediately determine the multiplicity of chemical bonds. But, there are difficulties, since the 
multiplicity of the bond can be fractional, and classical formulas do not always accurately convey 


the structure of a particular molecule. 
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Len= 1.33 A, Leo = 1.27 A 


Multiplicity C—N = 1 Multiplicity C-N (L=1.33 A) = 1.686 
Multiplicity C-O = 2 Multiplicity C—O (L=1.27 A) = 1.486 
Ecxn = 291.834 KJ/mol Ecn (L = 1.33 A) = 523.790 KJ/mol 

Eco = 728.538 KJ/mol (for RxC=O) Eco (L= 1.27 A) = 496.940 KJ/mol 
E, = Eco + 2Ecn = 1312.206 KJ/mol E)= Eco + 2Ecn = 1544.520 KJ/mol 


AE = E) - E; = 1544.520 KJ/mol - 1312.206 KJ/mol = 232.314 KJ/mol 


That is, the energy gain of a real urea molecule (with three-electron bonds) compared to the 


classical structure is 232.314 KJ/mol. Similar calculations can be made for other molecules. 


Another thing is interesting, namely, that chemists intuitively understand what the multiplicity of a 
chemical bond (or bond order) is, but there is practically no physical justification. For example, in 
the method of molecular orbitals, when determining the order of communication, a simple counting 
of electrons takes place, which must be taken into account when forming the bond. In this case, the 
physical justification is not considered. Such an approach leads to the fact that we can assign a bond 
multiplicity equal to unity (1), for example, to all C — H bonds, or to all O — H bonds, or to all 
N — H bonds. They are ascribed to them!!! But, this is not true. Since, all of the above chemical 
bonds, in different chemicals, have completely different properties. But we do not distinguish 


between them; for us they are all the same! This is the problem, and this is the problem with theory! 


It is necessary to clarify that chemists distinguish perfectly (this is the essence of the study of 
chemistry), it just does not follow from the concept of the multiplicity of the bond (or the bond 


order). To demonstrate the above, we give an example of C — H bonds, which have a bond 


multiplicity of 1 but have completely different chemical properties. 


Consider the C — H bond in the ethane molecule (CH3 — CH2-H) and ethylene (H2C=CH-H), and 
the C — H bond in the acetylene molecule (HC=C-—H). The multiplicity of all three bonds is 1. The 


energies of these bonds, as well as their lengths are very close, and very little differ, see below. 


C —H bond lengths [3, p. 143], C — H bond energies (these are the dissociation energies of 
these bonds). 


Energy: Vedeneev V. I., Gurvich L. V., Kondratiev V. N., Medvedev V. A., Frankevich E. L. 
Chemical Bond Breaking Energies. Ionization potentials and electron affinity. Directory. Publishing 


House of the Academy of Sciences of the USSR, Moscow, 1962, pp. 69-70. 
CH3-CH2-H,  Le-n=1.0914A, — Ec-H = 405.848 KJ/mol. 
H2C=CH-H, Le-n = 1.085 A, Ec-4 = 435.136 KJ/mol. 
HC=C-H, Le-n = 1.059 A, Ec-H = 476.976 KJ/mol. 


As we see, both the length of the C — H bonds and their energies are very similar. But, these are 
completely different chemical bonds with different chemical consequences. This is especially true 
for the C — H bond in the acetylene molecule. It is this chemical bond that is radically different from 


the other two bonds. 


Chemical bonds (C — H) in ethane are the same chemical bonds as in all alkanes. For 
example, exactly the same chemical bonds are found in methane (natural gas is almost pure 
methane, CH4), propane, butane, hexane, etc. Note that chemists often store sodium in banks filled 
with hexane or other liquid alkane (sodium does not react with such inert chemical bonds, and the 
solvent isolates it from the air). According to the properties of C — H, the bond in ethylene is 


practically no different from the C — H bond in ethane (let’s say, it does not differ dramatically). 


But, if we go to the C — H bond in acetylene, we get the C — H bond, which is different from the 
other two, as an ordinary apple is different from planet Earth. The fact is that the C — H bond in 
acetylene is a “normal acid bond” that “give born” to an acidic hydrogen atom (proton, H+). Simply 
put, acetylene from a chemical point of view is an ordinary acid!!! And it is his C — H bond that 
gives him acidic properties. For example, the C — H bond of acetylene reacts with metallic sodium 
to produce hydrogen. In fact, just like zinc reacts with hydrochloric acid. Acetylenide or sodium 


hydrocetylide is formed (depending on the amount of sodium, remember acid salts). 


2Na + 2HC=C-H — 2HC=C-Na + H2 


The reaction takes place when sodium is heated in a stream of gaseous acetylene or as a result of the 
interaction of acetylene with sodium (dissolved) in liquid ammonia. Remember that liquid ammonia 
is ammonia cooled to a temperature of - 33.35 °C and below. We cool ammonia to 35 - 40 degrees 


below zero and we get liquid ammonia. 
Note that the acidity of ethane, ethylene and acetylene is as follows [2]: 
Methane, pKa = 40, Ka = 10-40). 
Ethylene, pKa=36.5, Ka=10%(-36.5). 
Benzene, pKa = 37, Ka = 10“(-37). 
Acetylene, pKa=25, Ka= 10%(-25). 


That is, the acidity of acetylene is 10“(15) times greater than the acidity of methane (and hence 
ethane). And the acidity of acetylene is 10%(11.5) times more than that of ethylene. Let us recall 
once again that the multiplicity of the C — H bond in ethane, ethylene, and acetylene is STRICTLY 


equal to 1. Wonderful, isn't it, especially if we take into account their acidity. 


Naturally, the rest of the molecule also affects the C — H bond. But, all the same, we must 
admit that, based on modern ideas about the multiplicity of bonds (about order, energy, etc.), we 
cannot predict such a difference in acidity. We can explain (this is easily done in any university 
course in organic chemistry), but we cannot predict. This is the problem that we cannot even 
theoretically somehow separate these relations, classify them, that they are different (even a little). 
If we try to calculate the multiplicities of these relations by various methods, then their numerical 
values will be within the error of the calculation method. These difficulties are the result of a 
misunderstanding of the physical nature of multiplicity (as it sounds paradoxical). Therefore, further 


we will try to understand exactly the physical justification: what is the multiplicity of bond. 


It is easy to show that from a physical point of view, the multiplicity of the chemical bond is 
the density of the binding energy, more precisely the linear density of the binding energy. To 
demonstrate this, we consider C — C chemical bonds in ethane, ethylene, and acetylene. 
Communication data was not chosen randomly. They are the most studied, play an important role in 
organic chemistry, and in addition (most importantly!!!), they are not polar. If we consider polar 
bonds (C —N, C — O, etc.), then the effects of polarization of the bond will introduce errors, and we 
will not be able to analyze the chemical bond “in pure form”. Consider the values of the energies 


and lengths of these bonds [3]. 


H,C—CH, H,C—CH, HC— CH 
Le—c = 1.543 A Le=c = 1.338 A Lo=c =1.205A 


H,C—CH, H,C— CH, HC——CH 
Ec—c = 347.9397 kj/mole Ec=c = 615.489 kj/mole Ec=c = 812.278 kj/mole 


To obtain the binding energy density (linear), we will perform a simple operation, that is, 
divide the chemical bond energy by the length of the (given) chemical bond (F=E/L). We get the 


following numerical values: 
F=E/L 
Ethane, F(1) = 225.496 KJ/(mol*A). 
Ethylene,  F(2) = 460.007 KJ/(mol*A). 
Acetylene, F(3) = 674.090 KJ/(mol*A). 


And now, let us take F(1) as the unit of measure, that is, F(1) = 1 (in other words, we divide 


all the values by 225.496). Then we get the values of multiplicity (f). 
Ethane, f1)=1=1. 
Ethylene, f(2) = 2.040 = 2. 
Acetylene,  f(3) = 2.989 = 3. 


That is, we obtained the values of the multiplicity of the C - C bond in ethane, ethylene, and 


acetylene, which are usual for chemists (1, 2, 3). 


If in this way we calculate the multiplicity of the bond for benzene (C — C bond), then we obtain a 


multiplicity of 1.695. 
Benzene, C—Cbond, E=534.0723 KJ/mol, L=1.397A. 
Benzene, f= 1.695. 


Moreover, we can now determine the multiplicity of all C — H bonds. So, for C — H bonds, we have 


the following energy and length values. 
C —H bond lengths, C — H bond energies (these are the dissociation energies of these bonds). 
CH3-CH2-H, =Le-#= 1.0914 A, Ec-H = 405.848 KJ/mol. 


H2C=CH-H, Le-n = 1.085 A, Ec-H = 435.136 KJ/mol. 


HC=C-H, Le-H = 1.059 A, Ec-H = 476.976 KJ/mol. 


In the indicated way, we determine their multiplicity (for unity we take the multiplicity of the C —-H 


bonds in ethane). Then we get the following values. 
Ethan, C-H, F=371.860 KJ/(mol*A), f= 1, 
Ethylene, C-H, F=401.047 KJ/(mol*A), f= 1.079. 
Acetylene, C-H, F= 450.402 KJ/(mol*A), f=1,211, 


That is, the C — H bond multiplicity in ethane is 1, in ethylene it is 1.079. And in acetylene, the 
multiplicity of the C — H bond is 1.211. Here we have obtained different multiplicities for different 
bonds, and this is true, since the chemical properties of these bonds are different. Recall the acidity 


of acetylene. 


This approach is convenient in that, using the linear density of the chemical bond, it is 


possible to compare various chemical bonds and calculate their real multiplicities. And it works! 


Let us calculate the C — H bond multiplicity for benzene (if for 1 we take the C — H bond 
multiplicity in ethane). 
Benzene, C-H bond, Le-n = 1.084 A [3, p. 143], 


Benzene, Ec-H = 439.066 KJ/mol (calculated from the equation E = a + b/r + c/r’2 for the 
C-H bond, a = -112104.88181312, b = 239481.07645903, c = -127352.04548799). 


Then F = 405.042 KJ/(mol*A), 
and the multiplicity of bond (C—H) will be equal to f = 1.089. 


That is, the C — H bond multiplicity in benzene will be slightly larger than in ethylene (compare: 
1.079 and 1.089), but significantly less than in acetylene (1.211), which is true and is confirmed by 
chemical properties. Since C — H bonds of benzene do not react with metallic sodium, dry benzene 


chemists protect sodium from moisture in the air (in other words, I add metallic sodium to benzene). 


You should not consider the obtained values as a “game of numbers," the linear density of 
the chemical bond has a physical interpretation, in fact it is the force that holds the nuclei of atoms. 


Recall physics, if energy is divided by length, then we will get the force. 
F=E/L 


That is, the multiplicity of the chemical bond can be considered as the force that holds the atoms 


(when the chemical bond formed). Obviously, with the addition of each subsequent electron, this 


force increases in direct proportion (each electron makes the same contribution). This force can be 


considered as a specific analogue of the Hooke force (F = - k * Ax). 


Simplified, a chemical bond can be considered as a spring with a certain stiffness. This 
spring stiffness is the multiplicity of the chemical bond. The stronger the chemical bond, the greater 
the multiplicity of the bond, that is, the stronger our spring will be. This analogy is directly 
confirmed by infrared spectroscopy [4], which allows you to determine the multiplicity of bond by 
the frequency of oscillations of this bond. In IR spectroscopy, chemical bonds of different 
multiplicities have characteristic vibration frequencies (meaning that from the IR spectrum, it is 


easy to distinguish between bonds with different multiplicities (1, 2, 3). 


Moreover, one can recall the vibrations of the string, which are also determined by the linear 
density of the string and the tension force of the string (if we consider standing waves). Therefore, 
based on the multiplicity of the chemical bond, more precisely, from the linear density (bond), it can 
be argued that the chemical bond is a standing wave with a certain linear density. Thus, a chemical 
bond can be considered as an oscillating string with a certain frequency (standing wave). It is clear 
that this vibration frequency will determine the energy of a given chemical bond. That is, a 
chemical bond is a certain quantum of energy, since the standing waves of the string are perfectly 
quantized. Naturally, the de Broglie wave of the electron will form a standing wave. Here we are led 
to such difficult conclusions by the multiplicity of the chemical bond, if it is considered as a linear 


energy density. 


Look at the picture that shows the vibrations of a string attached to the ends (a special case of 


standing waves) [5]. 


Note that all energies and lengths of chemical bonds are taken from the work “Structure of the 


Benzene Molecule on the Basis of the Three-Electron Bond” [6], and references cited in the work. 
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